Carbon nanotube transistors show tremendous potential for electronic detection of biomolecules in solution. However, the nature and magnitude of the sensing signal upon molecular adsorption have so far remained controversial. Here, the authors show that the choice of the reference electrode is critical and resolves much of the previous controversy. The authors eliminate artifacts related to the reference electrode by using a well-defined reference electrode to accurately control the solution potential. Upon addition of bovine serum albumin proteins, the authors measure a transistor threshold shift of −15 mV which can be unambiguously attributed to the adsorption of biomolecules in the vicinity of the nanotube. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2775090͔
Biosensors based on nanoscale field-effect transistors have the potential to significantly impact drug discovery, disease screening, biohazard screening, and fundamental science. 1 The adsorption of biomolecules on the sidewall of a semiconducting carbon nanotube ͑CNT͒ or nanowire causes changes in local electrostatic environment, thereby changing the conductance of the nanomaterial. Pioneering work has indicated that this modulation of conductivity can be utilized to build CNT-based [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and nanowire-based 1,12 sensors for real-time electrical detection of proteins or DNA. These sensors must be carefully designed to give reliable measurements of biomolecule binding. Of critical importance is the electrostatic potential of the solution which strongly affects the conductivity of the nanomaterial. The solution potential was not well controlled in many CNT biomolecule-binding experiments. [3] [4] [5] [6] [7] [8] [9] [10] Reported conductance changes can have little or no relationship to interactions between biomolecules and the CNT transistor, leading to unreliable sensors and hindering efforts to determine sensing mechanisms. We show that a major biosensing artifact can be removed by using a well-defined reference electrode to accurately control the solution potential.
Carbon nanotube biosensors are generally constructed as shown in Fig. 1͑a͒ . [3] [4] [5] [6] [7] [8] [9] [10] The device is exposed to solution, allowing protein adsorption on the semiconducting CNT. A metal wire is used to control the electrostatic potential of the solution. A gate voltage V g , applied to the metal wire, can tune the conductance of the CNT, while a small bias eV bias Ͻ k B T is used to monitor the CNT conductance ͓for example, see Fig. 1͑b͒ , curve 1͔. The electrostatic potential difference between the solution and the CNT is determined by the applied gate voltage V g and the interface potential at the metal-liquid interface V interface . This interface potential depends sensitively on electrochemical reactions occurring at the metal-liquid interface. Larrimore et al. have recently tested CNT sensors in solutions where this electrochemistry was controlled using a high concentration of a potentialdetermining redox couple. 13 Sensors for biomolecule binding are generally operated in buffer solutions where the redox species are not controlled and the background redox reactions are slow. In these conditions, V interface is unstable and unpredictable. In particular, we show that the voltage drop over the interface from the Pt electrode to the solution is sensitively perturbed by adding protein to the solution. The resulting shift in V interface can easily obscure the true signal from a CNT biosensor. To achieve artifact-free measurements, we utilize a Ag/ AgCl reference electrode which is commonly employed in electrochemistry instrumentation. The metal-solution interface of the Ag/ AgCl reference electrode is separated from the analyte solution by a porous glass frit. The frit prevents large molecules from reaching the metal surface and ensures that the redox conditions at the metal-liquid interface are well controlled.
Carbon nanotubes for our biosensors were grown on degenerately doped Si wafers with a 200 nm thick thermally grown oxide layer using patterned catalyst and chemical vapor deposition.
14 Electrical contact to individual CNTs was made by metal electrodes ͑Cr/ Au, 1.5/ 30 nm͒ on top of the CNT. After processing, the devices were imaged by atomic force microscopy ͑AFM͒ to measure tube length and diameter. Measurements reported here are from a 13 m long NT with diameter of 3 nm. The effects that we report were confirmed by cleaning and reusing the CNT ͑1 min in fuming nitric acid removes all protein without damaging the CNT͒ and reproduced using a second device. A homebuilt flow cell was used to control the liquid environment of the CNT. Electrical contact to the liquid could be made using Pt wire, a Ag/ AgCl reference electrode, or both. The Ag/ AgCl reference electrode is a Ag/ AgCl wire immersed in 3M NaCl solution, separated from the analyte solution by a porous Vycor glass plug ͑Bioanalytical Systems͒. The buffer solution for all measurements was phosphate-buffered saline ͑10 mM phosphate buffer pH 7.4, 2.7 mM KCl, and 137 mM NaCl͒ and the protein solution is 10 M bovine serum albumin ͑BSA͒ ͑Sigma͒ in phosphate-buffered saline. Figure 1͑b͒ shows I-V g measurements on the CNT biosensor before and after protein adsorption. The shape of the curves and the minimum conductance are characteristic of a semiconducting CNT at room temperature with a band gap of about 0.3 eV. Different reference electrodes, either Pt wire or a Ag/ AgCl reference electrode, were used to apply V g . Curves 1 and 2 are taken before the addition of protein and curves 3 and 4 were measured after 60 min exposure to protein solution. When Pt wire was used to control the device ͑curves 1 and 4͒, the offset caused by the addition of protein was −40 mV. When the Ag/ AgCl reference electrode was used to control the device, the offset was −15 mV. The time dependence of the sensing effect is shown by a real-time measurement of conductance ͓Fig. 1͑c͔͒. For the real-time measurement, the solution was held at a fixed electrostatic potential by the Ag/ AgCl reference electrode. Before and after all experiments, the Ag/ AgCl reference electrode was measured with respect to an identical control electrode to ensure that V interface ͑Ag/ AgCl, solution͒ is stable within ±1 mV. Protein adsorption on the CNT and oxide surface was confirmed by AFM imaging ͑Fig. 2͒.
The curves in Fig. 1͑b͒ demonstrate the importance of V interface on the biosensor operation. Before protein adsorption, the Pt wire sets the solution potential about 300 mV lower than the Ag/ AgCl reference electrode. This difference is due to the different liquid-metal interfaces and different surface electrochemistries. 15 The two methods for controlling the solution potential ͑Pt wire or Ag/ AgCl reference electrode͒ also give markedly different results for protein detection: curves 2 and 3 are offset by −15 mV, while curves 1 and 4 are offset by −40 mV. The different results for protein detection suggest that an artifact occurs when using Pt wire which can be explained as follows. The offset measured using the Ag/ AgCl reference electrode is due to proteins adsorbing on the CNT and on the oxide surface near the CNT. The adsorbed proteins shift the transistor threshold voltage by −15 mV. A different offset is measured using Pt wire because protein also interacts with the Pt wire surface and changes V interface . Our measurements suggest that the 40 mV offset between curves 1 and 4 is a combination of a 25 mV change in V interface ͑Pt, solution͒ and the 15 mV shift in transistor threshold caused by protein adsorption in the vicinity of the CNT.
To confirm the protein sensitivity of V interface for bare Pt wire in solution, we have also measured changes in this interface potential directly. Figure 3 shows the open-circuit potential V oc of the Pt-solution interface in series with a Ag/ AgCl reference electrode interface. Measurements were made using a Keithley 6413 electrometer with input impedance Ͼ10 15 ⍀. Because V interface of the Ag/ AgCl reference electrode is stable within 1 mV, the open-circuit voltage reflects changes at the Pt-solution interface. in V interface ͑Pt, solution͒ varies from about −20 to − 40 mV. Our measurements imply that the results from earlier CNT biomolecule-binding sensors which used bare wire to control the solution potential [3] [4] [5] [6] [7] [8] [9] [10] are ambiguous. The interaction of protein with a Pt wire surface changes the electrostatic potential of the solution and can therefore cause changes in CNT conductivity. The artifacts associated with the use of a bare-metal wire as the reference must be eliminated before a "true" detection signal can be measured. Our measurements with a Ag/ AgCl reference electrode ͓Figs. 1͑b͒ and 1͑c͔͒ show that a signal, although smaller, does remain when artifacts are eliminated. The −15 mV shift was reproduced within 1 mV after cleaning and reusing the device. A second device with a 2 m long CNT and larger band gap gave a −10± 1 mV shift upon addition of BSA. Understanding the magnitude of the biosensing signal as well as device-to-device differences is an important direction for future work.
The Ag/ AgCl reference electrode measurements ͓Figs. 1͑b͒ and 1͑c͔͒ clarify previous controversy regarding sensing mechanisms. Chen et al. 4 considered two mechanisms to account for the reduction of p-type conductance when BSA adsorbs on a CNT transistor: ͑i͒ doping of the CNT by a layer of charged protein and ͑ii͒ decreased transparency of the metal-CNT Schottky barriers 16 for p-type conduction due to changes in the CNT-metal work function difference ͑equivalent to increased transparency of the Schottky barriers for n-type conduction͒. Chen et al. argued that the work function difference mechanism is the dominant mechanism for sensing BSA and several other proteins, while doping due to adsorption of these proteins does not have an observable effect on CNT conductance. Using a Ag/ AgCl reference electrode instead of a Pt wire, however, we have observed a −15 mV threshold shift upon BSA adsorption ͓Fig. 1͑b͔͒, and a negligible change in the ratio of hole conduction to electron conduction. These results clearly support a bulk doping mechanism. 5, 17 We conclude that doping due to protein adsorption is significant, and can dominate over the work function difference mechanism.
We have shown that the performance of CNT biosensors depends critically on the control of solution potential. By operating CNT biosensors with a Ag/ AgCl reference electrode, we have obtained artifact-free measurements of the real-time electrical response to protein binding. These measurements help clarify the mechanisms for the electrical detection of proteins in solution by CNT biosensors. The importance of the reference electrode for CNT biosensor design, as demonstrated here, extends to a range of biological applications for nanoscale transistors.
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